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ABSTRACT
This thesis focuses on the fields of technology and business in order to enhance and optimize
system design solutions. The intent of this thesis is to apply the theoretical concepts identified in core
System Design and Management (SDM) classes in a professional business environment, with
consideration given to strategic design and development aspects for an enterprise-wide system.
Over the past decade, business enterprises have been forced to downsize, outsource, and/or
merge in order to stay competitive. This holds true for the United States Navy as well. As a result of
the end of the Cold War and the fall of Communism, new requirements have resulted in a substantial
decrease in defense funding and have forced the Navy to reduce its number of personnel. This, in turn,
has led to a number of programs and products being outsourced. The combination of new requirements.
outsourcing, and the increased complexities of new and existing technologies have resulted in a lack ot
system understanding, thus creating interoperability issues. Given this scenario, the requirement for a
holistic understanding of system and subsystem interactions in a dynamic environment has become
paramount. The objective is to enable an enterprise to be adaptive, so that when changes are required,
the ability exists to have an architecture that allows rapid understanding of the system and its
surroundings.
This thesis examines engineering and management tools that assist an organization in
understanding a system and in the rapid development of strategic designs that exhibit the desired
integrated system-level characteristics. Specifically, three product and process tools will be examined:
the Distributive Object-based Modeling Environment (DOME) application, the Design Structure Matrix
(DSM), and Set-Based Concurrent Engineering (SBCE) principles. It is believed that the application of
DOME can significantly reduce costs for product and process design by allowing engineers to access
existing models/tools in a distributive fashion to improve system design quality. Likewise,
methodologies such as DSM and SBCE provide an improved process to effectively perform system-
level engineering. This thesis considers two Navy programs that the author has participated in while in
the SDM program. These programs, the Torpedo Silencing Initiative and the Warfighting Concepts to
Future Weapon System Designs (WARCON) project, are used as case studies to show that DOME,
DSM, and SBCE principles can provide a distributed, integrated framework for enterprise-wide
predictive design simulation.
Thesis Supervisor: David Wallace
Title: Ester and Harold Edgerton Associate Professor of Mechanical Engineering

ACKNOWLEDGEMENTS
Special thanks to David Wallace for the opportunity to be affiliated with the DOME
project and giving the chance for the Navy to be a pilot. Tom Kowalczyk for providing me with
the vision/drive over the years including the awareness of the SDM program. Ben Riley for the
opportunity to be a part of the WARCON project and allowing me the chance to apply new
ideas. Jarkko Leinonen for the chance to work with his Design Structure Matrix System (DSMS)
that proved to be easy and extremely effective. The MIT Center for Innovation in Product
Development for giving me access to world-class companies and the chance to interact and
understand their views and needs. The Naval Undersea Warfare Center for allowing me the
opportunity to be the first Navy SDM student. Mom and Dad for your unbounded inspiration
and moral support over the years. And Gia, Cameron, Matthew and Julia for your patience and
support while in school. I hope that my schooling demonstrates to my children the importance of
education in opening new opportunities for learning and understanding. I will never forget the
memories over the last 2 years and in debt to many for the opportunity and chance to be a part.

TABLE OF CONTENTS
A B ST R A C T ....................................................................................................................... 3
ACKNOW LEDGEM ENTS...........................................................................................5
T A B L E O F C O N T E N T S................................................................................................7
L IST O F FIG U R E S .......................................................................................................... 9
L IST O F T A B L E S ...................................................................................................... 9
1.0 T hesis G oal and O utline .................................................................................. 11
1.1 T h e sis G o a l ........................................................................................................................................ 11
1.2 Thesis Problem Statem ent............................. ........ ................................................... 11
1.3 M otivation and Plan for the Thesis ................................................................................................ 15
1.4 Thesis Outline .................................................................................................................................... 16
2.0 W hy a Distributed Environment? .................................. . . . . . . . . . . . . . . . . . . .. . . .. . . . . . . .  17
2.1 The Present Environm ent................................................................................................................... 17
2.2 Expectations of E-Com m erce ............................................................................................................ 18
2.3 The Future Environm ent .................................................................................................................... 20
3.0 Distributed Object-based Modeling Environment....................................... 23
3.1 Background........................................................................................................................................ 24
3.1.1 D istributed Enterprise ................................................................................................................ 24
3.1.2 Top-Down Analysis ..................................................................................................................... 25
3.1.3 Bottom-Up Analysis .................................................................................................................... 25
3.1.4 Life-Cycle Support ...................................................................................................................... 25
3.1.5 Subsystem Failures and Redesign Cycles ................................................................................ 26
3.2 Phase I Pilot - the Torpedo Silencing Initiative............................................................................ 27
3.2.1 Description .................................................................................................................................. 27
3.2.2 Future Pilot Expansion ............................................................................................................... 30
3.2.3 System Architecture Significance............................................................................................ 32
3.2.3.1 Reducing Am biguity................................................................................................................ 33
3.2.3.2 Increasing Creativity................................................................................................................ 33
3.2.3.3 M inim izing Complexity........................................................................................................... 34
3.2.3.4 Holistic Thinking. .................................................................................................................... 34
3.2.3.5 Product Developm ent Process. ............................................................................................. 34
3.3 Phase 2 Pilot - W ARCON.................................................................................................................. 35
3.3.1 Approach..................................................................................................................................... 39
3.3.2 System Architecture .................................................................................................................... 41
3.3.3 Integrated Acquisition Environment ........................................................................................ 43
3.3.4 Trade Space Description............................................................................................................. 44
3.3.4.1 M odel Selection and Description.......................................................................................... 45
3.3.5 Fleet Battle Experiments ............................................................................................................ 51
3.3.6 Visualization. .............................................................................................................................. 51
3.4 Application of DOME for Strategic System Design and Development........................................ 52
4.0 D esign Structure M atrix.................................................................................. 53
4.1 Background........................................................................................................................................ 54
4.2 DSM Interface with M icrosoft Project as a M anagement Tool ......................................................... 56
4.2.1 DSM S Input................................................................................................................................. 56
4.2.2 DSM Format ............................................................................................................................... 57
4.2.3 DSM S Partitioning...................................................................................................................... 57
4.2.4 DSM S Output .............................................................................................................................. 58
5.0 Set-Based Concurrent Engineering ................................................................ 67
5.1 Background........................................................................................................................................ 67
5.2 Potential uses for Strategic Design and Development ................................................................... 69
6.0 Conclusions ...................................................................................................... 71
6.1 System Design and Management Principles ................................................................................... 72
6.2 Engineering & Management Content ............................................................................................ 72
6.3 O riginality R equirem ent .................................................................................................................... 73
6.4 Recommendations For Future Work.............................................................................................. 73
7.0 References ............................................................................................................ 77
Appendix A - Executive Sum m ary................................................................................81
Appendix B - Acronym s............................................................................................. 85
Massachusetts Institute of Technology - System Design and Management
LIST OF FIGURES
Figure 1. R & D Expenditures.................................................................................................... 12
Figure 2. Typical Development Costs...................................................................................... 13
Figure 3. Strategic System Design and Development Causal Loop Diagram ............. 14
Figure 4. Total Ownership Cost for Surface Combatants ........................................................ 26
Figure 5. Torpedo Silencing Distributive Environment........................................................... 28
Figure 6. Torpedo Silencing...................................................................................................... 29
Figure 7. Screen shot of DOME Front Panel with Participating Models................................. 32
Figure 8. WARCON JSB and Trade Space Environment......................................................... 36
Figure 9. WARCON Function Diagram ................................................................................. 37
Figure 10. WARCON IAE/SE Function Diagram.................................................................... 38
Figure 11. WARCON Flowchart ............................................................................................ 39
Figure 12. Optimizing Manning & Automation [23]............................................................... 41
Figure 13. WARCON IAE Architecture ................................................................................. 43
Figure 14. WARCON Trade Space Architecture.................................................................... 47
Figure 15. Spider Graph Visualization Tool............................................................................. 50
Figure 16. Task Sequencing [32] ............................................................................................ 54
Figure 17. Design Structure Matrix...........................................................................................55
Figure 18. DSMS Input ................................................................................................... ... 59
Figure 19. DSM Format ............................................................................................... ... 61
Figure 20. DSMS Partitioning.................................................................................................. 63
Figure 2 1. D SM S O utput ............................................................................................................. 65
Figure 22. Flexible Product Development ............................................................................... 68
LIST OF TABLES
Table 1: Architectural Views............................................................................46

Page II
1.0 Thesis Goal and Outline
1.1 Thesis Goal
The goal of this work is to consider issues within the context of new Navy product
development and considers the engineering and management tools with which an organization
can rapidly develop strategic designs that will exhibit the desired integrated system-level
characteristics. This thesis considers two Navy programs that the author has participated in
while in the SDM program. These programs, the Torpedo Silencing Initiative and the
Warfighting Concepts to Future Weapon System Designs (WARCON) project, are used as case
studies to provide insight to the tools and their utilization in a dynamic environment to meet the
problem statement.
1.2 Thesis Problem Statement
In today's business environment, enterprises are expanding due to outsourcing and
mergers; concurrent with this expansion is the desire for these enterprises to work together as a
tightly interwoven system. Additionally, cycle times for new products are shortening and
requirements are more dynamic. These changes also affect the United States Navy. Prior to the
fall of communism, the Navy had a clear mission, defined by countering and defending against
the capabilities of the Soviet Union military system. The mission did not change during this
time, and the Navy requirements experienced little fluctuation. Since the fall of communism, the
mission of protecting world democracy has remained constant; however, the threat has changed
and, along with it, the environment in which the Navy systems operate. As the environment
changed, new requirements have surfaced that have spawned system complexities, resulting in a
lack of system understanding.
Under this paradigm shift, the ability to have a greater system-level knowledge of
capabilities and their surrounding environments has become imperative. As the development of
capabilities is increasingly outsourced to an industry-based design chain, the requirement for a
holistic understanding of existing system and subsystem interactions becomes more pressing.
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Figure 1 shows how the level of funding has changed significantly in the area of Research and
Development between industry and government [1]. The ratio between the two is increasing and is
currently at a 7:1 ratio.
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Figure 1. R&D Expenditures
It is also crucial to be able to evaluate the systemic environment in a reduced period of
time due to the continuous increase in the rate of technology change. As shown in figure 2, a
majority of the typical development costs for a program are due to "test-failure-fix cycle" [2].
This is due to the ineffective integration and lack of knowledge and understanding of the design
or product. The significance is that development costs are only approximately 2% of the overall
Life Cycle Cost (LCC), and the design cycle can be shortened and made less costly with better
system integration and use of collaborative system tools. Test and evaluation is critical, but the
cost is high and often spread out over long periods of time. Strategic system design and
development methodologies can extend and supplement the test capabilities at a lower overall
cost and shorter evaluation period. In a variety of environments, organizations have a tendency
to get into the eleventh hour and release a design without proper testing, only to find out that
different variations create instability of the design under specific and nonspecific conditions.
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Premature release of a design can lead to delays and high costs when recall, retrofit, and redesign
are required. For example, Ford Motor Company spends an estimated five million dollars per
year on warranty repairs to the moveable glass system on the Explorer line alone [3]. As seen in
figure 2, a reduction in the "test-failure-fix cycle" is an important aspect in the development cost
and schedule; thus, it is a major candidate for improvement focus.
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(73%)
C
0
S
T
Initial Design YEARS Demonstration
(2%) Engine ring (10%)
(15%)
Figure 2. Typical Development Costs
Better designs create fewer failures. Moore's law [4] continues to predict that growth in
bandwidth and reductions in cost will exert pressures on the increase of product development
cycles and technological commercialization rates. By increasing the speed by which system
iterations are conducted, more design interactions may take place, providing greater opportunity
for an enterprise organization to become more knowledgeable of their product. The problem is
how to enable an enterprise to be adaptive, so that when new requirements are established, the
ability exists to have an architecture that allows rapid understanding of the system and its
surroundings.
Using System Dynamics principles, the author developed a causal loop diagram of the
strategic system design and development problem and how it can be improved, represented in
figure 3. The solid lines represent the present thought process that represents a reinforcing loop.
A reinforcing loop indicates that a given direction gets stronger over time. This is good as long
as a project is working towards the desired direction. However, if a project is working in the
wrong direction (in this case where system performance is going down), the situation will get
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worse. The dashed line indicates the balancing loop added to improve the situation where
control is provided to correct for deficiencies. The "+" and "-" signs indicate the upward or
downward trend as related to the previous variable. As an example, referring to the figure, as the
"need for requirements change" goes up, the "perceived system performance" goes down. As
the "perceived system performance" goes down, the "need for innovative solutions" goes up. As
the "need for innovative solutions" goes up, the "proposed changes" goes up, "system
complexity" goes up, and "understanding of the system" goes down.
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Figure 3. Strategic System Design and Development Causal Loop Diagram
As external events occur, which are sometimes random, a change in mission occurs
which sometimes requires changes in requirements. As requirements are changed, they impact
the performance of our existing capability by an unknown amount until thoroughly tested. The
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present system-level modeling capabilities are such that this takes a significant period of time.
Until the system is tested in a new environment, the system performance is only perceived. The
amount of time associated with the delays to understanding the system based on a new
environment/changes is a function of the complexity of the system.
The root problem is a lack of system understanding in a dynamic or non-constant
environment. With changes to requirements due to external situations, this drives how the
systems must perform. Sources of the problem stem from the increased complexities of new and
existing technology. With the situation where government has been downsized in the past
decade, the amount of outsourcing has increased. Without having a working understanding of
proposed changes, it becomes more difficult to integrate the pieces and thus interoperability
issues are created.
The key to solving the problem is the ability to quickly understand the system. The best
possible way to do this is by integrating existing capabilities to provide a trade-off function for
new concepts. The focus on being able to do this quickly provides the ability to do many more
design iterations, so that a deeper knowledge of the limitations of the system can be understood.
1.3 Motivation and Plan for the Thesis
"The notion that more or better communication was the essential ingredient in
collaboration was false; what was needed was a fundamentally different kind of
communication." [5]
Given the problem statement in section 1.2, the motivation is to consider the issues
associated with the paradigm shift and develop the architecture with tools in which an
organization can develop strategic designs for system-level solutions. This thesis considers two
Navy programs that the author has participated in while in the SDM program. These case studies
provide insight to system tools and how to best consider the use of these and other tools in a
dynamic environment.
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1.4 Thesis Outline
Chapter 2 provides discussion on the trends and expected uses of a distributed
environment and electronic networking in the future.
Chapter 3 discusses the use of the Distributed Object-based Modeling Environment
(DOME) architecture tool on the case studies considered in this thesis, the Torpedo Silencing
and WARCON pilot projects.
Chapter 4 discusses the application of Design Structure Matrix System (DSMS), with
Microsoft Project as a management tool for minimizing cycle time.
Chapter 5 discusses the use of Set-Based Concurrent Engineering (SBCE)
methodologies.
Chapter 6 provides the thesis conclusion and recommendations for a strategic system
design and development environment.
Appendix A is the list of references used in this research.
Appendix B is the list of acronyms.
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2.0 Why a Distributed Environment?
This section discusses the trends and expected uses of a distributed environment and
electronic networking in the future. It is noted that "in the future" should be construed as the
authors informed opinion.
2.1 The Present Environment
Today's economy is introducing a new set of challenges and opportunities.
Organizations are undergoing a fundamental shift because of the current environment, which
rewards speed and agility. To remain viable in this new environment, corporate R&D must
adopt many of the characteristics of Silicon Valley. These are speed, conformance to the law of
increasing returns, and first-mover/fast-mover advantage.
Speed is a widely acknowledged necessity in the new economy. Market pressures are
driving many industries to cut product development time. Today, most companies are likely to
confront competitor innovations that undermine their area of expertise. Also, forces such as
information overload, globalization, mergers and acquisitions, increasing competition, changing
customer and consumer needs, and product and information technology innovation are increasing
the complexity of decision-making. As a result, organizations require an infrastructure rich with
information and knowledge to make confident and timely business decisions, thereby improving
operational efficiency and innovation.
Most companies in the United States and Europe report only moderate success with
initiatives designed to accelerate speed in their organizations. Information technology challenges
are moving more companies towards adopting programs that speed delivery of products and
services according to a new study [6]. Survey participants in this study included executives from
95 leading manufacturing and service companies in the U.S. and Europe. Nearly half of the
respondents have been able to translate their efforts to increase speed into higher revenues and
increased customer retention. Case studies featured in the report include Dell, Cisco, Ryder
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System, Charles Schwab, and Enron. The firms that reported recent initiatives to increase speed
(I to 3 years) focused on faster time-to-market. Those with efforts of longer duration stress
shaving costs, but are also expanding their efforts to accelerate decision-making and innovation.
Seventy percent of survey participants are examining Web-based technology as a key strategic
priority. About the same percentage of survey participants plan to reinforce customer loyalty by
better meeting customer requirements and forming close customer partnerships. Fifty-six
percent are placing a priority on boosting the rate and pace of innovation.
The importance of Web-based technology to accelerate product development is not
recent. In January 1996, it was reported that some researchers and software developers were
beginning to see the emergence of a new, Internet-based means of exchanging and accessing
engineering data that, in time, could provide the long-needed infrastructure for managing product
development as a single-business process. The Internet is of obvious importance because of its
ability to link a virtually unlimited number of databases on a global scale. The Net provides an
infrastructure for publishing and linking internal databases that have been isolated until now
because of data incompatibility or the impracticality of frequently translating data [7].
2.2 Expectations of E-Commerce
"Everyone understands and acknowledges the go-to-market power of the Internet, but the
greatest benefits from e-commerce will be derived from its ability to allow organizations to
create new and innovative inter-company business models. This will provide the opportunity for
industries to reshape themselves by sharing data and going to market as strategic partners, as
well as to reinvent their current business models and significantly enhance channel management,
profitability and shareholder value." [8]
The secret of fast venturing lies in its ability to expand the knowledge and capabilities of
internal resources by drawing on the experience of outsiders, i.e., collaboration. Individually,
we are all vulnerable to being beaten. Collectively, collaborating together, we can win in any
situation. We need to focus on the importance of harnessing the minds that are in our
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organizations to meet our needs anytime/anywhere. It is the most powerful weapon that we have
in the competitive arena today [9].
The power of combining collaboration with the remarkable capabilities of the digital
computer is now becoming recognized, i.e., electronic commerce (e-commerce). About 33%
of surveyed organizations say they are using the Web to manage their supply chains; 25% say
they intend to take the step within the next 12 months. Thirty-six say they have an Internet-
fueled e-commerce initiative and an additional 27% say they expect to jump on board [10].
Companies are achieving results. Design collaboration via the Web is enabling Otis
Elevator Co. to close sales in days instead of the weeks it took prior to the launch of Otis.com.
Otis.com lets building architects work with Otis engineers to determine lighting, displays,
woodwork, flooring, and other details.
Companies are making significant investments. DaimlerChrysler Corp. is embarking on
a multimillion-dollar project to bring together design engineers on a Web-based collaborative
system, dubbed FastCar, that executives say could shave billions of dollars off the cost of car
development over the next few years. It is expected that those savings will primarily come from
eliminating miscommunication that can arise as teams of engineers and designers work to build
specific models. The system gives engineers the ability to make changes instantaneously and
simultaneously with other designers working on the project, and is expected to cut development
time by 40%.
E-commerce forces innovators to move at lightning speed. It should not just be
considered for business-to-business interactions, but for internal project management as well.
The Distributed Project Management (DPM) market is expected to grow from $700 million in
1999 to $1.5 billion by 2003. The need to more intelligently support the decisions of employees
while improving productivity will create and sustain demand for knowledge management access
software. The infrastructure is largely in place. Consolidation among vendors through
acquisition or strategic partnerships will occur to further spur rapid market adoption [11]. The
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report focuses on Web-enabled project management tools, as well as the real-world challenges
faced by distributed project teams.
The expectations of e-commerce are high and organizations are investing heavily.
Results have been realized in several high-performing organizations; however, as seen in recent
stock market performance, e-commerce is not the panacea to solve organizational issues. There
is still a great deal of work to determine the appropriate level and combination of virtual,
distributed environment, and digital communication with the traditional face-to-face meetings to
successfully collaborate and meet the challenges of today.
2.3 The Future Environment
The initial long-term goal has been to create a computer network that enables engineers,
managers, and executives to conduct and manage product development as a unified process. In
the future, this must be expanded to include the final user of the product. However, we must first
exploit the tools that are available for true collaboration.
We have embarked on a virtual revolution that has resulted in the rapid proliferation of
computer simulation, design, and development tools. Furthermore, the processes for turning
digital industrial design and engineering models into functional parts and assemblies have
proliferated. Today's digital computer tools are able to go beyond this and accomplish
phenomenal tasks that are remarkably realistic.
Virtual reality tools are able to reproduce full-scale interactive digital vehicles,
environments, and products. These continuously advancing processes are applicable to an ever-
broadening range of applications. It is imperative that the progressive enterprise takes advantage
of these opportunities to enhance innovation and productivity.
Organizations, however, will not realize the significant gains until they address the
integration issues that very frequently emerge between the various communities and "smash the
silos". Traditionally, the product development process has been rife with disconnects.
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Concurrent Integration, i.e., simultaneous internal and external virtual product design and
development can actually exacerbate the problem unless there is a focus on streamlining the
interface with concurrent interaction and integration of design modeling between the various
communities. Even with the advent of computer-aided engineering and design in virtually all
disciplines, there still has been difficulty in communication and integration until recently. There
are now compatible state-of-the-art design tools and a virtual web-based environment that will
enhance the communication processes between the functions. Today it is possible, in a virtual
environment, to have a variety of functional groups effectively transferring design data between
platforms. The distributed virtual environment supports an iterative and collaborative process
for resolving difficult design problems. This can lead to a well-defined system of design
integration, where there is mutual appreciation of different design function. The result is fully
integrated cross-functional design solutions through Virtual Integration.
Virtual Integration is a development environment where design intent is intact from
concept to production. Organizations must learn to take advantage of this digital and virtual
reality. The use of digital tools to optimize critical development requirements must be made
early in the process because testing physical prototypes later in the design process frequently
ends in locking the product to a less-than-optimum design. The product development process
can be improved and compressed by starting simulated analysis early to develop guidelines that
help get it right the first time, and allow design changes at a time when they are less costly.
The optimum development integration process would be one where all forms of virtual
simulation are utilized seamlessly and appropriately together. The ultimate goal is to extend the
distributed virtual environment to bring together the expert user and expert designer, beyond the
concept and production phases, to actual daily use. This combination of expert user and expert
designer stimulates innovation. It provides an innovative variation on the traditional product
development cycle where an expert user helps shape the design of an initial product through
close interaction with an expert designer. Generally, designers must anticipate, estimate, and
extrapolate these criteria through their experience, sensitivity, and observation. Engaging the
user in the design process is the ultimate in virtual distributed collaboration.
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The interaction between the user and the designer would not stop at concept
development, but would continue through Virtual Evaluation to optimize quality and
performance. Analysis can then continue as the design develops, guiding the process and design
refinement. By the time physical prototypes are built, the product performance is well
understood and would meet the exact needs and wants of the user.
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3.0 Distributed Object-based Modeling Environment
Given that enterprises use numerous high-quality specialized tools and models, it is still
very difficult to understand the integrated performance of product systems. MIT has developed a
tool to address this need with the Distributed Object-based Modeling Environment (DOME)
[12], [13]. DOME is under development in the Department of Mechanical Engineering with the
support of consortium members from the National Science Foundation (NSF) Center for
Innovation in Product Development (CIPD). The mission of DOME is to allow widely dispersed
members of a design team to work together over commercial networks to create a system
analysis capability. The parties can work in a serial fashion towards a common project or an
analysis can be performed with similar functions in a parallel format. The Navy learned about
DOME in the spring of 1998, and has since applied the tool to two pilot projects to better
understand how it can be used in its environment; the results have been encouraging.
In addition to the two pilot programs that will be discussed within the Navy, the
application of DOME has been evaluated at other selective CIPD organizations to determine its
capability under different environments. These include the use with suppliers in the design
process, the use of high-computational models in a distributive environment, as well as its use in
an environment where security and proprietary factors are a top concern for the
companies/organizations. The participating organizations have been encouraged with the results
and are continuing their initiative to build on what has been experienced. It is believed that
having a distributed modeling environment utilizing commercial applications is the way of the
future. It is a means of effectively providing a flexible system-level architecture in a distributive
heterogeneous computer environment where subsystem engineers can continue working in their
environment without the need of having to adopt to a specified system tool.
Chapter 3 discusses the two pilot projects used as case studies in this thesis and discusses
the advantages and issues of using DOME as a tool for providing a strategic design and
development environment for effective system-level analysis.
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3.1 Background
One of the primary benefits of DOME is its ability to provide a virtual collocation for a
system enterprise. The following thoughts support the requirement for an effective tool to
provide a virtual collocation in the product development industry:
* Highly improbable of having a collocated enterprise for efficient concurrent engineering
in today's global economy.
* Predicting the overall product and enterprise performance across the various phases of a
program is becoming increasingly important as the emphasis is put on supporting a
product throughout its life cycle.
* Subsystem failures result in costly test and redesign cycles when system-level integration
is delayed.
* Simulation and analysis integrated into the system design solution can result in a
reduction of time and T&E requirements.
3.1.1 Distributed Enterprise
The use of DOME provides the ability to allow participants to access distributed models,
tools, and the use of data in a web-based heterogeneous environment. This capability permits a
distributed team to utilize actual subsystem models to create a comprised system-level
simulation. This capability provides both a top-down analysis as well as a bottom-up analysis
potential. It allows team members to analyze not only the high-level performance of the system,
but also to analyze the effects of subsystem modifications to the system. Using the functionality
of DOME naturally drives a system to be decomposed, which provides simplification of a
complex system. It does this first by segmenting the system into smaller subsystem pieces that
are easier to work with, which also allows for concurrent design and development of the pieces.
Having distributed subsystems that require interaction for system-level capability drives the need
for detailed interface requirements among the models [14].
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3.1.2 Top-Down Analysis
Considering the top-down analysis capacity, too many times is the product development
of a system interpreted as the collection of the best configuration of the comprised subsystems.
At a critical stage during the integration phase, it becomes apparent that there are
incompatibilities that sub-optimize system performance and even result in failures of the
subsystems. This insight that the optimized subsystem does not always result into an optimized
system when integrated makes DOME invaluable.
3.1.3 Bottom-Up Analysis
Considering the bottom-up analysis capability with the DOME architecture, the users
publish the model outputs of the variables such that the other participants on the server have
access to the information and therefore have the ability to use the outputs from other models as
inputs to theirs. As the system architecture is mapped to create the system-level simulation by
connecting the various inputs and output from the distributed models, empowerment is given to
the subsystem level by providing insight to how their components affect the system.
3.1.4 Life-Cycle Support
Figure 4 shows the life cycle cost for the United States Navy Surface Combatant [15].
Life Cycle Cost is defined as the total cost of owning a system over its entire life, from concept
through development, production, and logistics phases. These costs include acquisition,
utilization, and disposal costs [16]. As seen in the figure, the impacts of decisions made in the
early stages of product development are significant to the downstream costs throughout the life
of the platform. Only 2% of the total ownership cost over its 68-year life cycle is associated with
its development. In other words, the decisions made during the initial stages are responsible for
over 90% of the total ownership costs. Be it in the military or automotive industry, companies
are realizing the need to focus on all the stages of the life cycle of a product. As the figure
suggests, a company that is required to support a product over its life cycle needs to have the
ability to understand its dynamic needs into the future. Examples of this are being able to retrofit
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modular subsystems with newer technology or supporting any required maintenance due to
failures in the field. Having a simulation environment that allows for predicting overall product
and enterprise performance during all phases is a significant ability that the DOME tool supports.
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Figure 4. Total Ownership Cost for Surface Combatants
3.1.5 Subsystem Failures and Redesign Cycles
By increasing the speed of doing system-level design iterations, DOME provides the
opportunity to understand subsystem interactions at the system level to decrease the number of
failures and thus improves the overall design quality. Traditionally, product development occurs
at each subsystem individually and only system-level principles are modeled to represent the
environment. The use of DOME provides a much more realistic scenario with the interactions of
the subsystems to minimize redesign.
Because it is built on a Common Object Request Broker Architecture (CORBA) and
Extensible Markup Language (XML) standards, DOME allows the opportunity for new players
to easily participate with minimal programming to interface in a neutral environment using the
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inter/intra network. As CORBA Application Programming Interfaces (APIs) become more
common, the number of users able to operate in the DOME environment will increase and make
it simpler for a new player to get connected.
Several research studies have been done on the mechanisms and internal operations of
DOME and are left to the reader to use the referenced documents for detailed information on the
software architecture [17], [18], [19].
3.2 Phase 1 Pilot - the Torpedo Silencing Initiative
The first DOME pilot undertaken within the Navy was at the Naval Undersea Warfare
Center (NUWC) Undersea Weapons Design and Optimization (UWDO) laboratory in Newport,
Rhode Island. The lab is driven by the reduction of funding and desire for increased weapons
capability in the research, development, and production of undersea warfare (USW) systems.
Because of this fact, USW demands added capabilities and technical competencies to be
achieved with fewer resources [20]. This all relates to section 2 on the need for a distributive
environment due to technology changes and the increased potential for rapid changes. Because
DOME can be used to reduce the time to design new and improved products, it is a perfect
candidate to improve the process under the demanding USW conditions where an abundance of
test data and standalone models exists.
The Torpedo Silencing program was chosen as the pilot due to the amount of detailed test
data and the level of knowledge of models that exist. The focus for the pilot was to understand
the process of how a distributive environment could be utilized for adding capability or
evaluating subsystem permutations in the design lab.
3.2.1 Description
The Torpedo Silencing program is applying new technologies to reduce the radiated noise
level of the weapons to allow longer operations before acoustic detection by enemy platforms
occurs.
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Figure 5. Torpedo Silencing Distributive Environment
Figure 5 shows the structure of the DOME architecture used for the Torpedo Silencing
demonstration. Within the DOME environment, the subsystem models/tools from the product
enterprise players are able to interact via the DOME server. Each subsystem model/tool
provides the parameters to DOME that are required to interact in the system. DOME establishes
the relationships between the models/tools. The system architect then has the flexibility to
sequence the evolution of data among the models.
The subsystem models and tools shown in the figure have been developed over the years
on the program and are interfaced to the DOME server via software plug-in modules developed
in Java. Normally, these tools operate on standalone computers/servers using Windows, NT,
Unix, or Apple operating systems. Typically, a program allows its subsystem engineers to
develop or use their models of choice, and then the engineer provides (usually verbally or
written) design values to the system engineer. Quite frequently, only a few of the specific
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parameters of a subsystem are used in the system-level model. In the DOME environment, the
system engineer has access to the input and outputs of the models that are published by the
owner. All of the participants have access to the data provided they are given access from the
owner of the data. The architect has the ability to configure the sequence, change the
relationship, or swap different models in and out for comparison. The key advantage is that the
subsystem engineer's models and tools (of which there is great confidence) are continually
updated, and are used for the system-level analysis.
Among other things, the DOME demonstration capability allows for analysis of various
engine mounts. The mounts dampen the noise path for acoustic energy from the engine to the
torpedo shell. Different materials have different acoustic properties; therefore, it is of interest to
perform trade-off analysis of the system with the different mounts. Figure 6 is an illustration of
how the DOME architecture is used to complete this analysis follows.
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Figure 6. Torpedo Silencing
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Under the DOME architecture, the user selects one of several engine mounts that are
similar to an electronic parts catalog published by a vendor. Once the selection is made, DOME
establishes the connection with I-DEAS* and updates the computer-aided design (CAD) of the
solid engine model. Internal to the solid engine model are rule-based relationships defined such
that when a value is changed, others will be updated based on the new configuration. As an
example, if the piston diameter were to be changed, the solid engine model would update the
design of the motor to accommodate this modification, such as the cylinder diameter, connecting
rod length, or crankshaft throw. Using the inertial properties of the engine parts from I-DEAS*
via DOME, the Mk 48 Thermal Dynamics Model (developed in FORTRAN) creates large data
sets of the forcing function for the engine configuration with the selected engine mount.
Structural Acoustic Radiation Analyzer (SARA), a model developed by BB&N that does finite
element modeling using UNIX OS, also uses the engine properties from I-DEAS* and
information from the Mk 48 Thermal Dynamics Model to create the transfer function for the
frequency response of the structural acoustics. Matlab® is then used to create the output files that
disclose the sound pressure levels (SPL) over a specified frequency range. This data is produced
as a result of the transfer and forcing functions. The data is passed to DOME where the output is
compared and a determination is made as to whether the engine mount meets the objectives.
3.2.2 Future Pilot Expansion
DOME also has the ability of performing design optimization for technical or
programmatic perspectives. The architect defines a weighting on the specified parameters of
interest and DOME will run various configurations to determine the best settings for a system
perspective.
The DOME server, with models at the bottom right of figure 5, are expected to be added
in the future on the internal NUWC network. The intent is to extend the capability to do a
torpedo system-level trade-off analysis between a typical thermal combustion engine and an
electrical motor variant. Technology advancements in motor designs are allowing undersea
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systems to consider the use of electrical propulsion that provide several technical advantages, of
which the primary are noise reduction and added flexibility in design due to reduced volume.
Another capability envisioned for addition is the integration of a digital engagement model to
extend the system capability to include operational scenario analysis. This capability will
increase the system perspective to understand how any changes will affect the torpedo operations
in a pseudo in-water environment. This ability supports holistic thinking, since it provides the
architect the skill to encompass all aspects of the torpedo operation. Adding in the capability of
an external DOME server running outside of the NUWC network will provide the connection to
potential USW stakeholders such as the fleet. This architecture will provide the ability to use the
distributed environment for either training or data collection from the fleet to aid in improved
operations or utilize real-time data for operational engagement scenario generation, respectively.
The interaction with suppliers is envisioned for software development on new algorithm work
being conducted in the shallow water environment.
Other possibilities to interact with suppliers would be to utilize electronic catalogs that
will allow the system developer to consider the design characteristics of many products. Various
conditions from other subsystems can drive the selection of a supplier's product to improve the
overall system performance. As an example, a bearing manufacturer may have a selection of
different products that have varying acoustic performance based on the rate of rotation. Under a
selected environment, the system operates at a slower speed than for other environments. This
ability with the supplier provides the system developer with the ability to utilize the best product
for the given scenario. Additionally, this also provides a benefit in allowing the system
developer to have access to the latest products from the supplier or manufacturer.
Figure 7 shows screen shots of the DOME front panel with captures of the models
participating in the distributed environment. Shown are the solid engine model, the catalog with
the two different motor mounts, and the far-field acoustic output of the system configuration.
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Figure 7. Screen shot of DOME Front Panel with Participating Models 
3.2.3 System Architecture Significance 
With the emphasis on a distributive enterprise system, having a tool that creates a flexible 
architecture will allow a system to do rapid analysis of varying functions and concepts. 
Additionally, DOME will support the three themes in architecture by reducing ambiguity, 
increasing creativity, and minimizing complexity. Other areas discussed are holistic thinking 
and the product development process. 
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3.2.3.1 Reducing Ambiguity.
The traditional method for product development has been for a functional group to
perform their design and then to "throw it over the wall" to the next group. If there are problems
or questions, the receiving group throws it back over the wall. This process wastes time and also
leaves too many opportunities for misunderstandings or multiple interpretations. Once the
architecture of the system is developed in DOME, any problems with misunderstanding the
information passed become noticed very quickly. One of the CIPD organizations that have done
pilot testing with outside suppliers was very surprised at the number of holes in the existing
process. These companies have been working together for years, however the problems or voids
in the process were not evident until the entire process was simulated with real data using
DOME.
3.2.3.2 Increasing Creativity.
A system engineer is much more involved in a model that is started from the beginning as
compared to a model that was given as a model to be used. Typically, system-level modeling is
forced on engineers. Whoever is in control or closest to the person in control of the model is
able to influence the decision on what system-level model is used. Engineers become
disconnected with the system-level model because they hand over their knowledge either on
paper or verbally, and someone else implements the information. Since DOME allows the
subsystem engineers to use their own models, it keeps them in the loop. This has several
benefits, as follows: 1) the subsystem representation tends to be more accurate, 2) it allows an
easy path for technical upgrades, 3) it gives the engineer a buy-in to the system, and 4) it allows
engineers to understand how their subsystem interacts with the system, and this stimulates their
thinking to come up with innovative improvements or alternatives.
The initial impression of DOME is that it benefits the system-level modeling referred to
as top-down analysis. However, equally important is that it benefits the subsystems as well by
providing a bottom-up analysis capability. When models and tools are standalone, there is a loss
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of understanding as to how their portion interacts in the larger system. Giving the engineers
access to the system level will generate creativity in the process.
3.2.3.3 Minimizing Complexity.
Similar to the manner in which DOME provides a reduction in ambiguity, the amount of
complexity is reduced as well. The set-up of mapping out the process for how the models and
tools are interfaced to create the system level is key to minimizing the complexity. Knowing
who is doing what and when defines the responsibility of the subsystems and maps the process.
3.2.3.4 Holistic Thinking.
The power of DOME is its ability to allow the engineers the knowledge of how their
subsystems can be applied to other subsystems. It provides insight as to how the subsystems
react to the overall system. As stated earlier, the addition of engagement modeling capability
allows the subsystem engineers to understand influences in the operation of the torpedo.
3.2.3.5 Product Development Process.
Being able to develop a system-level model that is comprised of subsystem engineer's
models and tools can aid the architect in better understanding the product development process.
Especially in the government, the need to consider the life cycle effects of a system is crucial.
Understanding the upstream influences, such as new technology or corporate strategy, or
downstream influences, such as maintenance or repair, are important factors to be considered in
the development process.
There are software products on the market that provide Total Ownership Costs (TOC)
analysis capability. However, since they are standalone, they tend to be very complex and force
a Program Manager to be fully committed to the product. This tends to require that the team
members be trained and forced to use the particular software. A majority of Program Managers
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will not make this commitment and avoid the product. With DOME, a small TOC capability as a
subsystem function can be developed and easily integrated with the other models and tools as an
extension of system capability. This ability provides "the framework for holistic thinking in
which architecting takes place" [21].
3.3 Phase 2 Pilot - WARCON
The purpose of the Warfighting Concepts to Future Weapon System Designs
(WARCON) project is to produce and demonstrate a process by which military systems and their
components may be evaluated across the enterprise spectrum, which includes both the
engineering/acquisition communities and the operational domain (warfighter). This initiative
requires the involvement of all the stakeholders: concept developers, requirements group,
warfighters (end-users), engineering (government labs and manufacturers), acquisition (both
military and manufacturing), and business (government and manufacturers).
As shown in figure 8, by creating a structure that allows for interaction between the
operational and engineering/acquisition communities, it will develop the bridge so that a detailed
understanding of the enterprise is possible. In addition to creating an understanding at the
enterprise system level, this will lead to providing the analysis capability of changes or
modifications to the baseline systems. These types of changes may be directly related to the
operational or engineering/acquisition domains, but indirectly they impact the overall end-to-end
performance of a military battlefield. As an example, if there is a budget reduction in the
research community for new capabilities, it would be extremely valuable to be able to understand
the impact of each of the research initiatives to determine which ones are more valuable from an
operational environment. Similarly, if new tactics are developed in the field for increased
operational performance, these may have an impact on what is required or desired by the
engineering community.
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Figure 8. WARCON JSB and Trade Space Environment
The WARCON project is structured into two main functions: Integrated Acquisition
Environment (IAE) and System Engineering (SE). IAE is tasked to create an environment such
that its focus is on the architecture "to do the right thing," and SE is focused on building the
capability "to do the thing right." This is shown in figure 9.
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Figure 9. WARCON Function Diagram
For the initial phase of WARCON, the decision focused on the objective of creating a
generic process to a specific area of interest. Weapons handling on a Naval Aircraft Carrier
Vessel-Nuclear (CVN) was selected as the pilot topic to demonstrate the capabilities of spanning
the gap between the operational domain and the engineering/acquisition stakeholders.
Specifically, improvement to the weapons handling is required to provide the capability to meet
the capacities required for aircraft sortie generation rates during high tempo combat operations
[22]. This all relates to improving the capability to reduce the amount of time it takes for various
aircraft weapons to be built, transported to the flight deck, installed on the aircraft, and launched.
The faster weapons can be flown off the CVN, the faster the given aircraft will be able to
complete the mission. The reasoning behind the issue is due to an advancement of capability in
weapons technology that provides a much greater level of accuracy/effectiveness and has
increased the mission types. Along with the added capability is a significant increase in cost per
weapon. If an aircraft is able to complete the mission and returns home with weapons, this will
create a change in the build-up of weapons being scheduled for the next sortie departure. Under
the present environment, the schedule is not flexible/adaptive to any type of deviation from the
load-out plan. As such, the task was to link existing models from the various stakeholders that
Massachusetts Institute of Technology - System Design and Management
Page 38
relate to the representation of weapons handling and integrate with the Joint Synthetic
Battlespace (JSB) federated model to improve the current capability.
Given the focus on the problem, the approach was to understand what models/tools
existed at the various stakeholders that would be utilized in the demonstration.
Figure 10 shows the various functions and how they are mapped to each other.
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Figure 10. WARCON IAE/SE Function Diagram
Figure I I shows the typical sequence of tasking related to the different functions in the
IAE and SE IPTs.
Massachusetts Institute of Technology - System Design and Management
Page 39
Start
[AE/SE IPT Perfor: AE/SE IPTDye AIr Devel op
1AIA IPT Evaluap
m ergiPng oprat Functional tRequirements ofE daoen tAnalysis Allocations Rqieet
aNew Fleen WDC) e What people eWBS t Baseline how we do it tod r SE IPT Develops
e~~~~~~~~~~~~ WCtoetlrlaceboITrtatursivemn nw OOP
* What data a9 TLRequirements *Analyze performance Environments
tical Events e What technologies aPropose improvements I t
t Innovations e Why for each IAE IPT Execu os
eAnalyze proposal performanc Experiment
e Acquisition Reform/RBA
aBuild business case
wNew Weapons
asre esults Eval te holts D Mangment
Develop Bus. Ca Comlet
IAEIPTEvaua OPS IP Evaluat
MGT IPT PrContde- of Effectiveness of
Guidance Results System
Technologiesl
Figure 11. WARCON Flowchart
3.3.1 Approach
Emerging operational missions, technology rates of development and change, as well as
an expanding diversity of knowledge management tools offer the opportunity to develop
concurrent engineering/operational concept architecture. This product development architecture
can be optimized to address a specific operational/weapon system design issue and the proposed
project does so to illustrate both the process and its effectiveness. Changing military operational
environments and revisions to the Department of Defense (DoD) Acquisition Regulations
mandate an examination of alternative weapons system development processes. The growth of
new concept development/warfighting experimentation organizations, increasing focus on
service interoperability and coalition operations, and changing functions for government system
acquisition organizations and contractors in the acquisition process are all issues that may
influence this new product development environment. Several key factors of the current state of
weapon system simulation drive the WARCON project:
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* The test of warship capability in battle and battle simulation offers the potential to
evaluate ship system improvement alternatives in a synthetic battlespace. However,
today's synthetic battle simulations model ships at a high level and do not to show an
influence from changes to the ship, such as the rate of weapon production and the rate
at which weapon handlers can outfit aircraft.
* A variety of models and simulations at the level of individual ship systems exist for
local performance estimating, but they are not designed explicitly to feed the
synthetic battle environment. Hardwired links could be used, but they would produce
point solutions and not broadly applicable techniques.
* The DOME research product supports the flexible interconnection of independent
models in a widely distributed platform.
The project will use flexible connection tools to link existing low-level simulations to the
high-level battlespace simulation. The linkage will be demonstrated with the example of the
weapon inventory management improvement, but will be applicable to any number of other
simulations and models available due to the flexibility in architecture.
Today's Naval Carrier Vessel-Nuclear (CVN) has over 3,500 personnel and a design that
has not had significant changes for the past 40 years. As shown in figure 12 [23], the trade-off
between the manning for a Naval vessel and level of automation is related to the cost associated
with meeting the mission requirements. When automation is high, the number of crew is
potentially low, however the cost to meet the mission requirements is high. At the other
extreme, when the automation capability is low, manning has to be high and the cost to meet the
mission requirements is also high. The challenge is to understand the system to understand the
areas where automation can or cannot be considered. The overall objective is to understand how
much automation and manning is required to obtain the lowest overall cost associated with
meeting the mission requirements.
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This is a high-level example of how the use of system-level tools is required in order to
fully understand the impact of the enterprise system. Functional areas of a project too often
focus on bringing the engineering/technical capability to a peak or bringing the cost of a
subsystem down to the lowest value when it is not beneficial to the high-level system.
3.3.2 System Architecture
Figure 13 depicts the IAE architecture, with the primary players associated with carrier
acquisition and warfighting modeling. The architecture has been segmented into two areas for
organizational structure. The various modeling functions are identified with respect to the
organizational structure. CEE and PDM span across both perspectives. With the use of DOME
as the hub(s) on the engineering/acquisition side, it allows for interaction between the tools at
Newport News Shipbuilding (NNS), Naval Air Warfare Center - Aircraft Division (NAWC-
AD), and Lockheed Martin Information Systems (LMIS), and potentially a fleet carrier using
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commercial network lines. It also provides the ability to utilize parameters from each resident
model to create the necessary fidelity or scenario in the system-level representation desired.
Within this arrangement, genetic algorithms are used to perform optimizations dealing with
performance of technical and/or programmatic variables from each of the connected tools. The
other important factor is allowing this interaction to occur via the web. The interface between
the web and Defense Research and Engineering Network (DREN) is required to provide
connectivity between the Trade Space and the Joint Synthetic Battlespace (JSB).
Because the objective of WARCON is to consider the generic process for military
systems in general, the challenge is to view the objective holistically. Trying to look beyond the
immediate product needs and enterprise that could effect the product and enterprise success
provides a holistic view of the situation, and is the most difficult challenge in developing the
WARCON architecture. The danger in looking at the immediate needs may not be evident until
late in the product development stage where the infrastructure does not allow for flexibility to
account for future technologies.
Many of the problems associated with effective collaboration are not due to technology
limitations but with the structure in which the elements are to communicate. Therefore, the
importance of an architecture that takes into account a heuristic approach to encompass all
aspects of the enterprise is vital. This is why it is so important to concentrate on the end goal of
what is required.
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Figure 13. WARCON IAE Architecture
3.3.3 Integrated Acquisition Environment
The Integrated Acquisition Environment (IAE) is a fundamental element of WARCON.
IAE responsibilities are to develop an architecture to integrate functional disciplines of an
acquisition program and be able to optimize in areas such as: operational performance, total
ownership costs (TOC), risk, and manpower workload. In essence, IAE develops the structure
for providing the business case output to support considerations of various aspects into the
specific operational design problems such as impacts due to ship design, aircraft design, new
weapons, or new technology.
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3.3.4 Trade Space Description.
The overarching principle of the Trade Space is to assess various technical product or
process changes within the weapons handling area that will improve the critical strike mission.
Output from the Trade Space will be used to develop a Business Case that is focused on the
specific customer's area of interest. Examples of customer interest areas are: what is the impact
of a new technology being applied from both a financial (total ownership costs) and technical
performance perspective; what happens to the military mission if a new process is implemented;
what effect is there on a system if a new supplier is used; are the existing requirements still valid
on the systems if a new operational scenario is prescribed?
The formal WARCON requirement of the Trade Space and subsequent requirement of
DOME are used to provide the connectivity between models (both local and distributed). The
capability allows for military performance data to be received from the Joint Synthetic
Battlespace (JSB) for the baseline (or existing fleet configuration). The measures of
performance (MOP) and measures of effectiveness (MOE) are used to evaluate the JSB data with
respect to total ownership costs, workload, and weapons handling performance. From this
information, the Trade Space players become aware of the vulnerabilities of the system and
consider improvements to produce outputs to optimize engineering/acquisition variables with
respect to operational performance, total ownership cost, and manpower. Some of these
improvements may be existing research initiatives or new innovative ideas based on new
technologies, products, or process changes that are thought of as a result of clarifying the system
weaknesses. As discussed in the Torpedo Silencing case study, the ability for performing system
analysis through the eyes of the subsystem players is a significant benefit. DOME provides the
ability for a bottom-up approach that gives the players an understanding of the impact their
variables have on the overall system. This capability spawns innovation across all levels in the
enterprise.
An optimization routine exists that will allow the system-level user to define an objective
function to solve for a configuration that provides the prescribed mix between performance, total
ownership cost, and workload. These new engineering/acquisition configurations from the Trade
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Space will then be provided to the Joint Synthetic Battlespace (JSB) to evaluate the warfighter's
operational performance within the real-time federated environment.
The critical strike mission creates a critical path with weapons handling on-board the
CVN. Since WARCON is focused on the Improved Information Management (12M) capability
for the weapons handling system on the CVN, DOME optimization will be used for the selection
of 12M capability to improve the critical strike missions. Although the CVN is only one of many
elements involved in the overall military assessment in a given scenario, the criticality of how
fast a weapon is built onboard the carrier, loaded onto a fighter aircraft, and delivered to the
target has a direct impact on how fast the defined targets are isolated and the Marines can start
their mission, which defines when the Army initiates their mission. The speed in which the
weapons handling function on-board the CVN has a direct impact on the speed in which the
military mission is conducted. The evolution of the precision strike missile systems has provided
the capability of taking out targets more effectively, however, it has created the weapons
handling system to become the critical path in the process.
3.3.4.1 Model Selection and Description.
DOME is used to provide a prototype pilot environment to allow for flexibility with the
stakeholders models to be utilized. At the time when the models to be used in the Trade Space
were being identified, Newport News Shipbuilding (NNS) and the Naval Air Warfare Center -
Aircraft Division (NAWC-AD) in Lakehurst, New Jersey had many stand-alone models that
were candidates, however many that were to provide a significant role for weapons handling
were questionable for application until further development and review. Using an architecture
product such as DOME to allow for ease in modification due to models utilization proved to be a
vital capability for rapid flexibility.
Initially, only mature weapons handling models with a clear understanding of the input
and output were selected for integration in the DOME environment. These included the NNS
Cost Model, NAWC-AD Advanced Launch and Recovery Control Simulation (ALRCS), and
Technology Systems, Inc. (TSI) Spider Graph models. These models were selected in August
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2000 for integration in the Trade Space architecture to demonstrate the ability to create a system-
level heterogeneous distributed environment.
Other models were not as mature but are required for any detailed level of understanding
within the weapons handling systems. Specifically, the NAWC-AD Improved Information
Management (12M) model was in the development stages during the model selection timeframe.
The power behind DOME allowed the 12M modelers to publish the data cells (which were
placeholders) at a time prior to the model development. This allowed the system connectivity to
progress as the 12M model was being developed in parallel.
A view describes a system with respect to some set of attributes. For a system to be
complete, it should cover all aspects. Table 1 lists the views that are the most relevant to
architecting [23]:
Perspective or view Description
" Purpose/Objective * What the client wants
" Form * What the system is
" Behavioral or Functional * What the system does
* Performance objective or requirements * How effectively the system does it
" Data * The info retained in the system and its
interrelationships
" Managerial 9 Process by which the system is
constructed and managed.
Table 1: Architectural Views
Referring to Figure 14, the following paragraphs are descriptions of the models contained
in the Trade Space architecture for the case analysis and pilot.
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Trade Space Architecture
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2-ExcmionB Demo provides the following capabilities
3-Excurmsion C Interoperabilhty in heterogeneous environment (applications/ops systems)
- ALRCS Cfiguraton * Intranet connection of selected models from CVN communhty
O-Bauclme (Internet connection accomplished using commercial lines)
I-Auto Elonw Inst Top-Down and Bottoms- Up analysis
it 2rAgIOC Trade-Off analysis using distributed environment
Ease of changes using published data
Retention ofjproprietary data/models/networks
- Efficient system level analysis using visualization tool
System analysis as a whole for rapid development for solutions of the best configurations from
Engineering and Acquisition communities.
Figure 14. WARCON Trade Space Architecture
The ALRCS is a performance and behavioral model that provides insight as to the
function of launch and recovery. Several conceptual improvements to the launch and recovery
function are modeled and provide data on performance, workload, and cost information that is
known from a development activity. All the data is published in the DOME environment for
other players to utilize as input to their models. As an example, the cost information for the
concepts is published and the NNS cost model accesses this information for inclusion in the total
ownership costing data. As the developers create a new concept, the cost data is provided that is
best known by the originating developer(s) of the concept. The ALRCS model allows the user to
select any combination of three added functions that gives a total of three options:
o Automated Elongation Instrumentation
o Automated Capacity Selector Valve
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o Automated Data Logger
The model also allows the user to input the type of aircraft being considered (either F- 14 or F-
18).
The NNS cost model is a data model that is responsible for determining the total
ownership costs (TOC) associated with the baseline system in the fleet today or any
modifications from the baseline due to the concepts. The model is highly proprietary and is an
example of how DOME allows the model owner to share input or output information without
releasing the contents or control of the model. Additionally, DOME allows the model owner to
control who can subscribe to the released information. Links are developed in DOME to allow
any of the external networked models to provide costing information that would contribute above
and beyond the baseline configuration. The following is the Total Ownership Cost hierarchy.
" Acquisition Cost
o R&D Cost
- Development
- Testing
- Integration
o Procurement Cost
- Bill of Materials
- Installation costs
o Other
* Operational and Support Cost
o Manning
- Officer (0-1 through 0-6)
- Enlisted (E- 1 through E-9)
o 0/I Level Maintenance
o Depot Level Maintenance
o Sustaining Support
* Disposal Cost
" Other
The Improved Information Management (12M) model is classified as a behavioral or
functional model that describes specific patterns of behavior by the system. The model
determines the workload and time for each of the following functions by manning and weapon
type involved with the query response time and fabrication/installation of a weapon to be
launched.
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* Determine Assets
* Match Assets
* Determine Time on Target
* Formulate Response
* Breakout and Inspection
* Prepare
* Move
* Move Mechanical (elevators)
* Load Aircraft
* Plan-Brief Mission, Walk
The model accepts inputs for the number of Mk 82 weapons, number of Mk 83 weapons, and
number of iterations. The present capability provides the user to select the baseline fleet
configuration or one of three excursions that models a change in process or product that impacts
the output. As is done with the ALRCS, costing data pertinent to potential developments from
the 12M changes are published so that the NNS cost model can utilize the total ownership costs
(TOC) tabulation. Performance modifications are always possible, however the trade-off with
the costs associated with the improvements define the decision.
The TSI Spider Graph application is a behavioral model that describes the specific
patterns of behavior of the system by providing the capability to decompose the functions
hierarchically. The decomposition hierarchy is defined graphically. The objective of Spider
Graph is to display the data that is published within the DOME. It provides a simple means to
visualize and highlight the differences between comparative sets of data. It provides an easy
method for decomposing the large amounts of data for the user to group or organize by
modifiable axis as required. As an example, the highest level of data displayed is for
Performance, TOC, Workload and Military Performance. The user can drill down as far as
desired on any one of these four axes to extract the data beneath. On each of the displays, the
user has the ability to display the baseline configuration and up to four additional excursions as a
comparison. Too much detail or rigor has the tendency of creating distortion to the viewer. The
objective of the Spider Graph is to effectively organize data hierarchically and interactively
explore the resultant information displays. All the data that is published from the ALRCS, 12M,
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Cost Model, and AARS are linked into Spider Graph to allow the user the flexibility to display as
desired. Figure 15 is a typical display of the baseline and four excursions.
Manpower
Range: 0.00 - 200.00
Total Overall Cost
lange: 0.00 - 35000.00
Op
Rang
BaseLlne HExcursion 1 KExcursion 2
Performance
Range: 0.00 - 200.00
erational Cost
:: 0.00 - 20000.00
Excursion 3 Excursion 4
Figure 15. Spider Graph Visualization Tool
The Lockheed Martin Information System Group (LMIS) After Action Reporting System
(AARS) model provides the military performance input to the Trade Space from the Joint
Synthetic Battlespace (JSB) in comparison to the measures of effectiveness (MOE) and measures
of performance (MOP) that are identified by an analysis group ahead of time. These measures
are defined based on the objectives for the business case to be developed. The data received
from AARS is published in the DOME and the TSI Spider Graph extracts and displays the data.
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The System Controller was developed in the DOME to allow the user the ability to run
either the manual mode or optimization mode. In the manual mode, the user selects the specific
ALRCS and 12M configuration, whereas in the optimization mode, the user defines the objective
function to solve for a configuration that provides the prescribed mix between performance, total
ownership cost, and workload. The user also specifies the number of Mk 82 weapons, number of
Mk 83 weapons, number of iterations, and the aircraft type (F-14 or F-18).
3.3.5 Fleet Battle Experiments.
Fleet Battle Experiments (FBE) are conducted to examine new technologies and new
operational concepts in the context of the "near Navy." These experiments are a combination of
actual data collection in a perceived conflict battle region with simulated data modeling. The
results of FBE are used to accelerate the delivery of innovative warfare capabilities to the fleet,
identify concept-based requirements, and evaluate new operational capabilities.
The WARCON intent is to apply the process and tools obtained in the first phase for use
in FBE to provide capability to the participants to quickly assess any technical or programmatic
excursions for future CVN platforms weapons handling.
3.3.6 Visualization.
Although useful, graphs can quickly become unmanageable, particularly as the number of
nodes and edges increase. Visualization of decomposition structures provides the capability of
representing dense amounts of data [25]. Discussion on the method for obtaining the diagrams
lies not in the methodology for creating the interactions, but in the study of the resulting network.
As stated in the study by Almy, as DOME models grow, the problem becomes
understanding, visualizing, navigating, and getting the information one wants when one needs it
[26].
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3.4 Application of DOME for Strategic System Design and Development
The purpose for the pilot integration was to determine the added effectiveness of DOME
as an improved process for doing business in the Navy. As stated in the problem statement, there
is a paradigm shift in the way the Navy and industry is doing business. Because a product's
enterprise is usually comprised of organizations around the country or the world, having a tool
that allows designers to create, view, collaborate, and incorporate individual design models into a
complete system will provide organizations with a better understanding of the performance of
integrated product systems and accelerate the process in which new technologies and functions
will be added.
The case studies of applying DOME to the Torpedo Silencing and WARCON projects
demonstrates the capability of how the architectural tool can be used to develop an enterprise
environment for integrated tradeoff exploration. Referring to the Strategic System Design and
Development Causal Loop Diagram in Figure 3, this capability is paramount for an enterprise to
be adaptive to requirement changes that lead to the necessity of understanding the system.
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4.0 Design Structure Matrix
This section discusses the use of the Design Structure Matrix (DSM) capability as a tool
when used as an interface with Microsoft Project. The DSM methodology has been studied and
applied using specific customized tools such as DEMAID [27]. Those that have worked with
DSM have usually found that the benefits greatly help in analyzing and improving the design and
development processes on projects. However, the fact that using DSM traditionally has meant
that the user is required to obtain a specific DSM application and undergo significant training has
stifled the use of the methodology in the practical environment. As a result, many stay with their
present approach and shun against using something new because it requires significant change to
the everyday efforts for a project.
Discussed earlier in the thesis was the increased complexity of systems in today's
environment due to new requirements, new technologies, and the need for speed to stay
competitive. This has increased the number of parties involved in the project/organizational
enterprise and therefore the number of activities and informational flows which make the design
process more varied and harder to manage [28].
The intent of this section of the thesis is to consider the use and application of DSM with
an existing project management tool, Microsoft Project. Just as section 3 discussed the benefits
of using DOME to allow stakeholders from a system enterprise to use established models and
tools, this section discusses how a system/project organization can use and apply DSM
methodology without having to learn the use of new models or tools. The assumption is that a
Project Manager uses the Microsoft Project application for Gantt project scheduling/tracking and
that it is a widely accepted tool for managing the flow of tasks. The application of this capability
was applied to the WARCON Trade Space Environment and shows the ease in use of the DSM
with Microsoft Project while gaining the improved efficiency.
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4.1 Background
As discussed in section 2, the new economy is introducing a new set of challenges and
opportunities focused on the competitive advantage of speed and agility. This is forcing
companies to look at the product development process to efficiently organize people and
resources to dramatically improve their performance [29]. Conventional tools answer the
question, "What other tasks must be completed before I begin this one?" But the managers of a
product development process today need a tool that answers a very different question, "What
information do I need from other tasks before I can complete this one?" in order to improve the
efficiency [30]. Developed by Steward [31], the DSM methodology provides the focus on
representing information flows rather than work flows, whereas traditional project management
tools such as Gantt charts only allow the user to display graphic descriptions of task flows.
Figure 16 shows the different types of task sequencing. They can be classified as either
dependent, if tasks have forward flow that requires information from a previous task, or
independent, where tasks can be done in parallel and do not require information from each other,
and interdependent, where tasks are mutually dependent and flow in both directions.
Task 1 ask ~
Task 2Task 2
Dependent Independent Interdependent
(Series) (Parallel) (Coupled)
Figure 16. Task Sequencing [32]
Figure 17 shows a Design Structure Matrix representation of the task dependencies of a
project. The standalone use of DSM application tools normally allows the user to input data in a
format similar to the figure shown. Along the vertical axis are the tasks associated with a
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project. The same tasks are represented along the horizontal axis. The "x" indicates where
information flows from one task to others. As an example, referring to Figure 17, task C requires
information from task A. Task D requires information from Tasks A and C. As imagined, as a
system becomes more complex, the number or size of the matrix can become very large. One of
the benefits of this type of visualization is the ability to easily distinguish the tasks that are
highly dependent upon others and therefore are a major vulnerability to the schedule or success
of the overall project. On past uses of DSM, a standard Gantt chart for a project is comprised of
50 to 60 pages of tasks and their durations. The DSM representation for the same project was
condensed onto a couple of pages. The difficulty using the standard Gantt was when there was
interaction between tasks on different pages. Using DSM, it is easy to quickly see the
interactions between the applicable tasks because it is in a condensed form.
Figure 17. Design Structure Matrix
The "9" indicates useless information and simply segregates the upper and lower half of
the matrix. Those in the lower half are considered feed-forward dependencies and likewise the
upper half of the matrix are the feedback dependencies. Although a DSM does not display
information as a function of time, it should be evident that the flow of information from task to
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task takes time and therefore any "x" in the upper half is undesirable feedback. Time can be
considered the diagonal axis of the "e". From Figure 17, Task B requires information from Task
H, which has not been completed. Therefore, Task B would need to estimate the information
expected from Task H and then be updated once Task H has been completed. The relationship
between Tasks B and H is referred to as coupled. Coupled tasks are not desirable due to the
nature of requiring feedback that takes time.
Within DSM, the number of coupled tasks or feedback loops is minimized using the
optimization routine. The tasks are reordered to minimize the number of "x" in the upper half of
the matrix simply by altering the sequence of the task execution. This is referred to as
partitioning and is accomplished by changing the rows of the DSM and their corresponding
columns until as few "x" remain in the upper half of the matrix. As discussed above, this will
minimize the feedback tasks and therefore aid in eliminating task rework. Eliminating task
rework supports the notion of increased speed and agility.
4.2 DSM Interface with Microsoft Project as a Management Tool
Considering the discussion on the benefits of DSM and asking why it is not more utilized
within the industry, the answer revolves around the present application's ease of use, exposure,
and dissemination. Once an individual obtains the standard DSM application and uses, it
becomes evident how it can be a powerful tool to increase performance, efficiency, and quite
possibly the most important benefit, increase the understanding of the system complexities which
leads to minimizing project management design and development risks. The research in this
section is not about the benefits of DSM, but more so the improved implementation of DSM so
that exposure and ease in dissemination can result.
4.2.1 DSMS Input
Through the use of a research development project, a DSM System (DSMS) model is
applied to the WARCON Trade Space Environment. DSMS is comprised of a DSM plug-in that
works in Microsoft Excel that allows a Microsoft Project Gantt chart schedule to be imported to
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create the N x N matrix. Automatically, the DSMS defines the relationships between tasks based
upon the predecessors and successors entered in the Gantt chart schedule.
Figure 18 shows the basic Gantt chart for the Trade Space Environment for this case
analysis. The schedule has fixed dates associated with the project that force the completion of
tasks by the 2 7th of November. The entries for this schedule were based on discussion with team
members to identify the task durations and dependencies for applicable tasks.
4.2.2 DSM Format
Figure 19 is the DSM for the Gantt chart data imported from Microsoft Project to the
DSMS. The task sequence has not changed and the relationship between tasks is identified on
the information obtained from the Gantt. The data in Figure 19 is displayed without having to do
anything but going to the DSMS and selecting "Microsoft Project import" from the Windows
pull down menu. The user then locates the Project file requested and the result is the DSM as
shown in the figure. The "s" indicates the standard <Finish-to-Start> type predecessor and the
"c" indicates a <Start-to-Start> predecessor type. At this point, using the DSMS, there is no
special training or knowledge required to apply standard Gantt project management data in the
form of the DSM.
4.2.3 DSMS Partitioning
The data in the Figure 19 is the standard representation of task information without any
modification to the sequencing. The next step is to consider optimizing information flows to
identify potential problem areas to make the design and development processes more efficient.
The first approach to optimizing is to consider rearranging the sequence of tasks to minimize the
feedbacks or, referring to the matrix, the number of relations on the upper-half. Given this case
application situation, there are no feedback relations to eliminate. However, changing the
sequence of tasks is also done to allow independent tasks to be conducted up front. These tasks
do not require inputs from other tasks and therefore would not be considered for rework.
Performing optimization is a major function of DSM that leads to the improved efficiency.
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Within the DSMS, there is an optimization routine that performs the logical steps to determine
the best sequence of tasks to minimize rework. As with any optimization routine, it is best to
understand the functions performed and to create sanity checks to verify the proper execution.
Figure 20 is the partitioned or optimized DSM using the DSMS. Column 1 indicates the new
task sequencing for the activities imported from the Gantt chart. As stated above, the Ist four
tasks are independent, requiring no input from other tasks and are therefore moved up front.
4.2.4 DSMS Output
Especially for this case where there are no feedback/rework tasks to begin with, looking
at the partitioned results does not visually provide any confidence of improved efficiency. When
the export function in DSMS is executed, the partitioned DSM data is output to a Microsoft
Project file in the new sequence as determined from the optimization routine or any manual
manipulation. Figure 21 is the updated Gantt chart using the partitioned data from DSMS. As
stated earlier, the use of standard project management tools such as Gantt charts are valuable for
visualization purposes. Looking at Figure 21, the benefits of rearranging the sequence of tasks
now become apparent. The overall duration of the project was 77 workdays from the period of 7
August 2000 to 27 November 2000. The partitioned task sequence attributes to a reduction of 12
workdays between task 29 and task 11, as well as a reduction of 8 workdays between task 30 and
task 31 for a total of 20 workdays. This equates to a schedule reduction of 26%.
It should be noted that the savings in time does not relate to the labor associated over this
period of time. The tasks conducted in the original 77 days are still performed in the 57 days.
During the 57-day period, the labor rate will be greater that during the 77-day period. The
benefit is that by performing the tasks in a shorter period of time, the time remaining will allow
for additional design iterations due to new ideas or possible unexpected failures occurring during
this period.
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Aug '00 Sep'00 Oct '00 : Nov'00
ID Task Name Duration Start Finish 8 I6 8113 18/20 18/27 1 9/3 19A 0 | 9/17 |9/24 1011 110/8 10/15 10122 10/29 1115 11112 11/19 11/26
1 Trade Space Reqt's 10 days Mon 8/7100 Fri 6/1100
2 Trade Space Models Select 8 days Mon 812100 Wed 8/3000 -- Q%
3 DOME install at NNS 5 days Mon 9/18/00 Fri 9/22100
4 NNS CM Est con to DOME(v1) 15 days Mon 925100 Fri 10/13100 %
5 DOME install at TSI 5 days Mon 9/11 /00 Fri 9/1500 %
6 TSI SG Est con to DOME(v1) 5 days Mon 9/18J00 Fri 9/22(0
7 AARS Est con to DOME via SG(vl )(excel for 5 days Mon 9/18100 Fri 9122/00
8 AARS Est con (v2Xremote link w/JSB) 17 days Mon 9125100 Tue 10/ 7100
9 DOME install at LKE 5 days Mon 9/11(00 Fri 9/15/00 %
10 LKE ALRCS Est con to DOME(v1) 5 days Mon 9/18100 Fri 9/22/00
11 LKE ALRCS Est con (v2)(full ext control) 5 days Mon 9125(10 Fri 9129100
12 DOME install at NUW 5 days Mon 9/18(10 Fri 9122100
13 Trade Space connectivity Demo phase I 3 days Mon 10/1 6100 Wed 10/18100
14 Eval of Trade Space Initiative 3 days Thu 10/19100 Mon 10/23100 0
15 LKE 12M Model statusmp dec 3 days Thu 10/19100 Mon 10230 0%
16 NNS FDM impl dec 3 days Thu 10/1 9)00 Mon 10/2300 -0%
17 ONR Demo 0 days Mon 10200 Mon 10/200 102
18 NNS FDM Est con 8 days Tue 10/24/00 Thu11/2100 0%
19 LKE 12M Est Con 11 days Tue 10124100 Tue 11/7100 0%
20 NNS Firewall solution 43 days Mon 9/4/00 Wed 11/100 0
21 LKE Firewall solution 43 days Mon 9/400 Wed 11/(10i
22 TSI Firewall solution 43 days Mon 9/4/00 Wed 11 /1 (0
23 NUWC Firewall solution 43 days Mon 9/4(0 Wed 11 /1 100
24 TS Demo phase 11 (internet connectivitiy) 5 days Thu 111200 Wed 118(00
25 DSI Optim routine devel 36 days Mon 9125100 Mon 11 A3/00 0
26 Define & select optim obj func 5 days Mon 10/30/00 Fri11 /3100
27 Define & select DecVar in sel models 5 days Mon 1116/00 Fri 11 /1 000
28 DOME upgrade deployment 2 days Tue 11 /14100 Wed 11/15/00 0%
29 Est links to DecVar in sel models 5 days Mon 11/13/00 Fri 11 /1 7)00
30 TS Demo phase IIl with opti routine 0 days Fri 11 A 700 Fri 11/1700 1
31 IATSEC 5 days Mon 11/2710 Fri 12/1(00
Figure 18. DSMS Input
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10 Activity 1 2 3 4 5 6 7 8 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31
ID1 Trade Space Reqt's 1 1
ID2 Trade Space Models Select 2 S 2
ID3 DOME install at NNS 3 S 3
ID4 NNS CM Est con to DOME(vI) 4 S S 4
ID5 DOME install at TS 5 s 5
ID6 TSI SG Est con to DOME(v1) 6 S s 6
ID7 AARS Est con to DOME via SG(v1)(excel format) 7 S S 7
1D8 AARS Est con (v2)(remote link w/JSB) 8 S S 9
ID9 DOME install at LKE ' Si
ID0 LKE ALRCS Est con to DOME(v1) 10 S 1 10
IDI1 LKE ALRCS Est con (v2)(full ext control) 11 s S 11
D12 DOME install at NUC 12 S 12
ID13 Trade Space connectivity Demo phase 1 13 S s S S S S 13
ID14 Eval of Trade Space Initiative 14 S S 14
IDl5 LKE 12M Model statusAmpl dec 15 C 15
D16 NNS FDM impl dec 16 C is
ID1 7 ONR Demo 17 17
ID18 NNS FDM Est con 10 S S Ii
I9 LKE 12M Est Con 19 s S '1
ID20 NNS Firewall solution 20 S 20
ID21 LKE Firewall solution 21 S 21
ID22 TSIFirewall solution 22 S 22
ID23 NUWVC Firewall solution 23 S 23
ID24 TS Demo phase I (internet connectivitiy) 24 S I 1 : 1 C C S S S S 241
ID25 DSI Optim routine devel 25 25
ID26 Define & select optim obj func 26 2
ID27 Define & select DecVar in sel models 27 S 27
ID28 DOME upgrade deployment 28 S :281
D29 Estlinksto DecVar in sel models 29 S 29
lD30 TS Demo phase ll with opti routine 30 S 1 1 S1''1*
ID31 IATSEC 31 , s:1 31
Figure 19. DSM Format
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Figure 20. DSMS Partitioning
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ID Task Name
1 Trade Space Reqt's
2ONR Demo
3 DSI Optim routine devel
4Define & select optim obj func
5 Trade Space Models Select
6 1 NNS Firewall solution
7 1 LKE Firewall solution
8 TSI Firewall solution
9 F NUWC Firewall solution
10 Define & select DecVar in sel models
11 DOME upgrade deployment
12 DOME install at NNS
31 DOME install at TSI
14 DOME install at LKE
15 DOME install at NLW
16- Est links to DecVar in sel modelsL 7 NNS CM Est con to DOME(vl)
1 TSI SG Est con to DOME(v1)
19 AARS Est con to DOME via SG(vl Xexi
20 LKE ALRCS Est con to DOME(v1)
21 AARS Est con (v2)(remote link w/JSB)
22 LKE ALRCS Est con (v2)(full ext contr
23 Trade Space connectivity Demo phase
24 Eval of Trade Space Initiative
25 LKE 12M Model statusAmpl dec
L36j NNS FDM impl dec
27 NNS FDM Est con
-
28 LKE 12M Est Con
29 TS Demo phase II (internet connectiviti%.
30 TS Demo phase IlIl with opti routine
31 IATSEC
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5.0 Set-Based Concurrent Engineering
This section of the thesis discusses the use of Set-Based Concurrent Engineering
(SBCE) principles in consideration of the process for strategic design and development of
a project.
5.1 Background
"In today's turbulent business environments, more and more companies need a
development process that embraces change-not one that resists it." [33]
As discussed in the section 1.2, a strategic design and development capability
requires an architecture to support speed and flexibility for an enterprise/organization to
be competitive in today's marketplace. The discussion in section 3 regarding the DOME
deals with the physical modeling and simulation architecture creating the flexibility and
speed to provide the environment to answer system level questions towards designing and
developing better products. SBCE is focused on the process in which the architecture is
used to design and develop the products better. Forward thinking companies and
organizations have strived for this objective and have invested significantly in research
and development in these areas. As an example, the joint automotive effort, Covisint,
was established in February 2000 between General Motors Corporation, Ford Motor
Company, and DaimlerChrysler AG to create multibillion-dollar electronic exchange to
purchase parts, streamline product development and communicate with thousands of
suppliers [34].
This new way of doing business as a team is realized to be beneficial to all
parties. However, the hurdle is in the process in which this capability is used. It is
believed that the limitations of cycle time reduction and simultaneous design
improvements are not about the technology limitations but the human side of how the
new technology/tools are used.
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SBCE is about designers openly communicating and thinking about sets of
conceptual and parametric design alternatives while delaying decisions. As this is done,
excessive prototype iterations are made with the effort to eliminate alternatives until a
final solution is derived [35], [36]. Figure 22 shows the traditional and flexible approach
to product development. As can be seen in the traditional approach, concept
development and implementation are done serially. Concept time is the window of
opportunity for including new information and for optimizing the match between
technology and requirements. Response time is the point when the design window is
closed. The idea with the flexible approach is providing the team as much leeway as
possible for as long as possible in the event failures or new information is arrived, the
concepts can be modified to accommodate. The principle of concurrent engineering is to
allow as much horizontal coordination across functions and longitudinal coordination
across development stages. SBCE opens the design among the functions to avoid
focusing on a point solution earlier than required in the process. The result is an
unstructured development process that empowers the team to come up with multiple
iterations that create better products in a shorter period of time.
Traditional Approach
Project Start Concept Freeze Market Introduction
Concept Development
Implementation
Concept Time Response Time 0
Total Lead Time
Flexible Approach
Project Start Concept Freeze Market Introduction
Concept Development
I Implementation
Concept Time Response Time -+
Total Lead Time
Figure 22. Flexible Product Development
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5.2 Potential uses for Strategic Design and Development
Referring to the Strategic System Design and Development Causal Loop Diagram
in Figure 3, the use of SBCE principles support the hypothesis that increasing the number
of iterations leads to an increased knowledge and performance of the system. Applying
SBCE principles is paramount to understanding a system. By running large sets of
design iterations, a team can understand the strengths and weaknesses of the system. By
delaying design decisions, the window of opportunity can be maximized to allow for
unexpected changes.
Considering the application of SBCE principles with the WARCON project, the
benefits can be substantial. As discussed earlier, WARCON is about providing the CVN
stakeholders with the capability to understand all aspects of the existing and future
designs. Using SBCE principles would lead to creating a better understanding of the
system to relate performance and cost to technical and programmatic changes. Further
case studies of SBCE are required to understand the strengths and vulnerabilities. These
are discussed in section 6.4.
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6.0 Conclusions
As a result of these studies, a simulation service marketplace concept for
simulation-based design, implemented in a tool called DOME (Distributed Object-based
Modeling Environment), was found to provide the technical architectural capability for a
strategic design and development for a system solution. The results of the case studies
show that DOME can provide a distributed integrated framework for enterprise-wide
predictive design simulation. Some of the benefits include the ability for effective top-
down and bottom-up analysis capability, utilization of proprietary models and data in a
heterogeneous environment, effective means for mapping the system architecture and
most importantly the dramatic reduction in cycle time for iterative scenarios. Further
studies on the human aspects of implementing into an organization would be valuable.
How best to integrate this advanced capability into a workforce where firewalls and
stovepipes are common obstacles to overcome to effectively implement.
Another result of the studies shows the benefits of using Design Structure Matrix
(DSM) with Microsoft Project as a tool for analyzing and managing the design process to
optimize the sequencing of tasks. The case analysis verified the ability to use a common
management tool for scheduling and apply the DSM capability to allow users to build-on
existing functionality without having to use a new product or receive training. The focus
was on ease of use with existing tools while minimizing cycle times and the potential for
cost savings.
Set-Based Concurrent Engineering (SBCE) principles were discussed and shown
the importance in considering the process in which the architecture is used to design and
develop the products better by delaying the design decisions. Additional studies and
application are required to further analyze the strengths and limitations.
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Overall, a solution was shown in this study to apply a rapid integrated trade-off
explorations capability to aid in creating an adaptive enterprise and deliver better system
level designs with a dramatic decrease in development cycle time.
6.1 System Design and Management Principles
The basis of the thesis research required the author to work closely with several
companies and organizations to implement the architecture that supports the advanced
engineering and management tools. An understanding of the complex enterprise
problems in dealing with requirements and the impact was identified to develop the
necessary architecture to create more effective system solutions to support improved
design and development. Intellectual leadership skills were demonstrated during
implementation within the various Navy activities leading to a high probability of future
applications on other Navy programs in the near-term due to the initiative. The case
study has also provided the opportunity for dissemination in a cross-industry working
group research community.
6.2 Engineering & Management Content
Considering the application of the DOME, DSM plug-in tool and Set-Based
Concurrent Engineering methodologies, the thesis demonstrates the process in which the
principles are applied in areas associated with engineering and management solutions.
The case study focus was directly related to the potential engineering capabilities for
improved design and development by mapping the requirements between the technical
and operational communities for system solutions. Additionally, the thesis relates to
management issue areas dealing with the handling of company proprietary data in a
distributive environment, supplier relations, and improving task sequencing to improve
employee utilization.
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6.3 Originality Requirement
The thesis meets the requirements of an original investigation by conducting a
system design project using principles, methods and tools learned while in the SDM
program at MIT.
The research looked at the use of three specific product and process tools: the
Distributive Object-based Modeling Environment (DOME), a Design Structure Matrix
System (DSMS) plug-in that works with Microsoft Project, and consideration of Set-
Based Concurrent Engineering (SBCE) principles. The product and process tools are
applied to projects presently being developed within the Navy with the involvement of
industry partners to understand how they can be used to improve the strategic design and
development aspects for an enterprise-wide system solution. Additionally, System
Dynamics/ Systems Thinking principles and tools were used to visualize the problem
statement with a causal loop diagram. The case study also provides analysis of the
improved system in comparison of how it is traditionally conducted without the
application of the applied tools and methods.
Using an architecture that is based on the use of existing applications/models is
critical to refrain from requiring an enterprise to learn something new. Build on what
exists and add functionality to the structure. The DSM methodologies have been used
predominantly in the research community and will continue unless easier mechanisms are
established to foster the use with existing commercial products that are corporate
America mainstream.
Although organizations are requiring increased associations with outside and
distributed activities, the importance of having human physical interaction is critical.
6.4 Recommendations For Future Work
Further research on the causal diagram developed for visualizing the problem
statement in section 1.2 should be investigated. The intent of the diagram was to create a
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heterogeneous representation across industries to map the sequence of changes to our
organizations and/or products. There are many other factors that will impact or play a
role whether a system meets the adaptive requirements for a given system enterprise and
what determines the understanding of a system.
Consider the use of a Product Data Management (PDM) application as an
organizational tool within the DOME environment. Companies are using the PDM tool
as a shell around their modeling or data environment so that interactions are via a single
path in an organization. Understanding the impact of connection to the PDM versus the
models themselves needs to be reviewed.
The architecture methodology discussed in this research considers fully
operational models within the environment. Careful consideration of a distributed
environment with single points of failure needs to be addressed so that redundant paths
for information can to accomplished as opposed to having a catastrophic failure that
forces the entire enterprise down [38]. The complexity of an integrated distributed
architecture will require research to address the issues of scalability and vulnerability as
these environments grow.
Further research is required on the business aspects of the expedient use of the
tools discussed that can provide exorbitant benefits to an enterprise. Technically the
problems of establishing the paths for outside connectivity are minimal. In the case study
with the WARCON project, the issue was working with the security and network
personnel to convince that the desired actions were not going to pose security or company
proprietary data concerns. Although technology has progressed at great levels,
organizations are several steps behind because of the required human actions to
implement. Time will eventually resolve some of the issues just as the personal computer
has become a stable part of the common citizens life today.
Just as the DSMS interfaces with Microsoft Project is an effort to take the next
step towards the execution of a research tool, further efforts are required to understand
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the methods to ease the implementation throughout the project or organization. In the
company environment, this would be that which would impact the improved
manufacturing capability such as reduced time and/or cost.
Consider the DSM interface with other project management tools such as the
Integrated Definition Language (IDEF).
Considering SBCE, some of the areas that case studies should focus are the
following:
" Sets of alternatives versus point-to-point solutions.
* Allowing designers greater parallelism in the process.
* Optimized solutions by considering the system as a whole versus the collection of
optimized subsystems.
The Spider Graph visualization tool used in the WARCON case study is based on
individual preferences that consider the type of data and functionality required for a
particular environment. Additional studies would be of interest to understand the best use
of other visualization tools and their required functions.
The listing of recommended future works are identified as thoughts to further
research the ideas of a strategic design and development enterprise. As with the
evolution of technology, the environment is never static. The objective is to enable an
enterprise to take advantage of new capabilities to produce better products or services
while remaining competitive in today's business environment.
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Meeting with Admiral Joe Carnevale, Director of NAVSEA PEO (DD-2 1).
"How do we buy systems that are interoperable?"
Shipbuilder to take lead on integration yet Shipbuilder reluctant to take on risk
Meeting with Admiral Smith, Commander Navy Warfare Development Command
"Looking at interoperability individually is the way its been done in past and this is part
of the problem."
Rechtin, E., Maier, M., "The Art of Systems Architecting", CRC Press, p.10
".... when all elements are connected and working together do automobiles produce
transportation, human organs produce life, and spacecrafts produce information."
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"Models fill many roles in system architecting, the foremost role is to communicate."
Dane, W., "R&D Spending Rises", Defense News, 20-26 July 1998
"Any time you try to do more with less, you have to push R&D spending for improved
technology to achieve better quality."
Harris, K., Hayward, S., Jacobs, J., Phifer, G., "Building a Collaborative environment:
Who Needs What?", Management Strategies & Directions, 24 October 2000.
- The challenge is that collaborative systems take many forms, such as knowledge
management, enterprise portals, shared design environments and collaborative
supply-chain management.
- If a single stakeholders view is permitted to dominate in building a collaborative
environment, then collaboration willfail.
- The leadership of the enterprise has a critical role in creating a culture for
collaboration.
- Management processes also need to allocate time and resources to individuals
so they can collaborate without compromising other work responsibilities and
commitments.
- From the enterprise perspective, collaboration can and must extend very widely
encompassing each individual employee, many nonemployees and other
enterprises that perform contracted work for the enterprise, customers of the
enterprise, and even users of its Web site.
- In terms of technology, this means access to digitized information and to the
people with whom they share work or interests, with the ability to organize this
material as needed for the work in hand
- Creating an environment for effective collaboration involves designing a
composite; this design must incorporate not only information technology, but the
design of the physical space together with culture and processes.
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Problem Statement
In today's business environment, enterprises are expanding due to outsourcing
and mergers; concurrent with this expansion is the desire for these enterprises to work
together as a tightly interwoven system. Additionally, cycle times for new products are
shortening and requirements are more dynamic. These changes also affect the United
States Navy. Prior to the fall of communism the Navy had a clear mission, defined by
countering and defending against the capabilities of the Soviet Union military system.
The mission did not change during this time, and the Navy requirements experienced
little fluctuation. Since the fall of communism, the mission of protecting world
democracy has remained constant; however, the threat has changed and, along with it, the
environment in which the Navy systems operate. As the environment changed, new
requirements have surfaced that have spawned system complexities that result in a lack of
system understanding.
Under this paradigm shift, the ability to have a greater system-level knowledge of
capabilities and their surrounding environments has become imperative. As the
development of capabilities is increasingly outsourced to an industry-based design chain,
the requirement for a holistic understanding of existing system and subsystem
interactions becomes more pressing.
Better designs create fewer failures. Moore's law continues to result in
bandwidth growth and reductions in cost that continue to exert pressure on the increase of
product development cycles and technological commercialization rates. By increasing
the speed by which system iterations are conducted, more design interactions may take
place, providing greater opportunity for an enterprise organization to become more
knowledgeable of their product. The problem is how to enable an enterprise to be
adaptive, so that when new requirements are established, the ability exists to have an
architecture that allows rapid understanding of the system and its surroundings.
Content and Conclusions
The goal of this thesis is to consider issues associated with the new Navy product
development context and consider the engineering and management tools with which an
organization can rapidly develop strategic designs that will exhibit desired integrated
system-level characteristics. This thesis considers two case studies within the Navy, the
Torpedo Silencing Initiative and the Warfighting Concepts to Future Weapon System
Designs (WARCON) project, that have occurred while the author has been in the SDM
program. The case studies provide insight to the tools and how best to consider the use of
these and others in a dynamic environment to meet the problem statement.
As a result of these studies, a simulation service marketplace concept for
simulation-based design, implemented in a tool called the Distributed Object-based
Modeling Environment (DOME), was found to provide the capability for a strategic
design and development for a system solution. The results of the case studies show that
DOME can provide a distributed integrated framework for enterprise-wide predictive
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design simulation. Some of the benefits include the ability for effective top-down and
bottom-up analysis capability, utilization of proprietary models and data in a
heterogeneous environment, effective means for mapping the system architecture and,
most importantly, the dramatic reduction in cycle time for iterative scenarios.
Another result of the studies shows the benefits of using Design Structure Matrix
(DSM) with Microsoft Project as a tool for analyzing and managing the design process to
optimize the sequencing of tasks (which may minimize cycle time and the potential of
cost).
The solution to the problem shown in this thesis is to apply the rapid integrated
trade-off explorations to aid in enabling an enterprise to be adaptive and deliver better
system-level designs with a dramatic decrease in development cycle time.
System Design and Management Principles
The basis of the thesis research required the author to work closely with several
companies and organizations to implement the architecture that supports the advanced
engineering and management tools. An understanding of the complex enterprise
problems in dealing with requirements and the impact was identified to develop the
necessary architecture to create more effective system solutions to support improved
design and development. Intellectual leadership skills were demonstrated during
implementation within the various Navy activities leading to a high probability of future
applications on other Navy programs in the near-term due to the initiative. The case
study has also provided the opportunity for dissemination in a cross-industry working
group research community.
Engineering & Management Content
Considering the application of the DOME, DSM plug-in tool, and Set-Based
Concurrent Engineering methodologies, the thesis demonstrates the process in which the
principles are applied in areas associated with engineering and management solutions.
The case study focus is directly related to the potential engineering capabilities for
improved design and development by mapping the requirements between the technical
and operational communities for system solutions. Additionally, the thesis relates to
management issue areas dealing with the handling of company proprietary data in a
distributive environment, supplier relations, and improving task sequencing to improve
employee utilization.
Originality Requirement
The thesis meets the requirements of an original investigation by conducting a
system design project using principles, methods, and tools learned while in the SDM
program at MIT.
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The research looks at the use of three specific product and process tools: the
Distributive Object-based Modeling Environment (DOME), a Design Structure Matrix
(DSM) plug-in that works with Microsoft Project, and consideration of Set-Based
Concurrent Engineering (SBCE) principles. The product and process tools are applied to
projects presently being developed by the Navy with the involvement of industry partners
to understand how they can be used to improve the strategic design and development
aspects for an enterprise-wide system solution. Additionally, System Dynamics/Systems
Thinking principles and tools were used to visualize the problem statement. The case
study also provides analysis of the improved system in comparison to how it is
traditionally conducted without the application of the applied tools and methods.
Statement of Authorship and Originality
The work performed to write this thesis is the author's, and is original.
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Appendix B - Acronyms
AARS - After Action Reporting System
ACTD - Advanced Concept Technology Demonstration
ALRCS - Advanced Launch and Recovery Control System
API - Application Programming Interface
ASME - American Society of Mechanical Engineers
ATO - Air Tasking Order
AWIMS - Aviation Weapons Management System
BB&N - Bolt Berenac and Newman
CAD - Computer Aided Design
CAIV - Cost As an Independent Variable
CDR - Commander
CEE - Collaborative Engineering (or Enterprise) Environment
CIDE - Carrier Integrated Data Environment
CINC - Commander-In-Chief
CIPD - Center for Innovation in Product Development
CONOPS - Concept Operations
CORBA - Common Object Request Broker Architecture
COTS - Commercial Off-The-Shelf
CWHS - Carrier Weapons Handling System
CVN - Carrier Vessel Nuclear
CSBE - Concurrent Set-Based Engineering
DMSO - Defense Modeling and Simulation Office
DoD - Department of Defense
DOME - Distributed Object-based Modeling Environment
DREN - Defense Research and Engineering Network
DSM - Design Structure Matrix
FBE - Fleet Battle Experiment
FDM - Flight Deck Model
FWA - Fixed Wing Aircraft
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GA - Genetic Algorithm
HLA - High Level Architecture
12M - Improved Information Management
IAE - Integrated Acquisition Environment
IDE - Integrated Data Environment
IDEF - Integrated Definition Language
I/ITSEC - Inter-service Industry Training Simulation and Education Conference
IPT - Integrated Product Team
JSAF - Joint Semi-Automated Forces
JSB - Joint Synthetic Battlespace
LCC - Life Cycle Cost
LFM - Leaders For Manufacturing
LKE - NAWC-AD Lakehurst
LMIS - Lockheed Martin Information Systems
MAPA-C - Magazine Arrangement Planning Aid-Computerized
MIT - Massachusetts Institute of Technology
M&S - Modeling and Simulation
MOE - Measures of Effectiveness
MOP - Measures of Performance
NAVSEA - Naval Sea Systems Command
NAVAIR - Naval Air Systems Command
NAWC-AD - Naval Air Warfare Center-Aircraft Division
NNS - Newport News Shipbuilding
NSF - National Science Foundation
NUWC - Naval Undersea Warfare Center
NWDC - Naval Warfare Development Command
OAG- Officers Assessment Group
USW - Undersea Warfare
UWDO - Undersea Weapons Design and Optimization
VV&A - Verification Validation and Assessment
ONR - Office of Naval Research
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O&S - Operational and Support
PDM - Product Data Management
PEO-USW - Program Executive Office - Undersea Warfare
QFD - Quality Functional Development
R&A - Requirements and Analysis
R&D - Research and Development
RADM - Rear Admiral
RBA - Revolution in Business Affairs
RMA - Revolution in Military Affairs
RTI - Real Time Integrator
ROI - Return On Investment
RWA - Rotary Wing Aircraft
S&T - Science and Technology
SARA - Structural Acoustic Radiation Analyzer
SBD - Simulation Based Design
SDM - System Design and Management
SE - System Engineering
SG - Spider Graph
SME - Subject Matter Experts
SPL - Sound Pressure Level
SRD - Systems Requirements Document
STOW - Synthetic Theater Of War
TS - Trade Space
TSI - Technology Systems, Incorporated
TST - Time Sensitive Target
TCS - Time Critical Strike
TLR - Top Level Requirements
TSI - Technology Systems, Inc.
WARCON - Warfighting Concepts to Future Weapon System Designs
WBS - Work Breakdown Structure
WISSARD - What If Simulation System for Advanced Research and Development
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XML - Extensible Markup Language
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